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STUDY OF MEAN FREE PATH EFFECTS

ON GROWTH OF ULTRAFINE METALLIC AEROSOLS

AFOSR F49620-84-C-0017

Year Two Report

1.0 INTRODUCTION /
/
\f

This is a three vear project for investigating EPE dvnamics of aerosol

formation in gaseous atmospheres ranging from conditions at the earth's

Gy bhg novesticosed,

surface to those in the extreme upper atmosphere" The research involves
theoretical and experimental determination of the behavior of ultrafine
aerosol particles at high concentrations. The normal diffusion-limited
coagulation and growth of aerosols is expected to be strongly modifiéd as
the particle diameter and the interparticle separation approach the mean
free path of the gas molecules. - ]/U ]’) A)

In the first year, the experimental fgcility was set up. using an
exploding wire generator for the production of high concentrations of
metallic aerosols. The experiments were devoted to development of sampling
methods for:the reduced atmosphere environment. and then to the observation
of the types of behavior exhibited by single component aerosols.

The types of aerosols generated were highly irregular in apvearance.
consisting of branched cgains of small., soherical particles. The irregular
apoearance lead us to consider the application of fracta! mathemetics for
describing the particles and the ohysical processes behind their growth.

Much of the second vear's efforts were devoted to the fractal analysis

of the aerosols., and the interpretation of the results. Fractal analysis

p

O RN > e B PRI G R T R I T P e T A S VA S T A A AL R RV T E R R SR
.rq..k__¢.-"}:,a¢4- OGN N, LN o, n )

-
LaGAGS o iy o

,..__.-

’4£<ﬁf
LAY
S A

»;
1!

7

'Y
,s’l —
71

XA

an
2
\fyag .\
el
4,,1,:’5 >
Y

B

IR
kI

. W]
5-'}.3&

LR 4
)



A3

R

‘-

) D &4l

is still in an embryonic state with regard to applications in physical
measurements. and the techniques used in one situation may not be the best
to use in another. In the first year's report. ~we technique for
determining fractal dimension. tiling, was described. Turther
investigations shoﬁed that the tiling approach produced results difficult
to interpret consistently, and other fractal measures were examined. This
report summarizes our findings to date on using the fractal dimension to
characterize growth processes and resulting aerosol particles at

atmospheric and lower pressures.
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2.0 THEORETICAL APPLICATION OF FRACTALS TO PARTICLE GROWTH.

Although condensation and growth of aerosols in the liquid state were
treated theoretically in the first vear's work {1], the observation of
solid particle growth quickly lead us to halt that line of investigation.
Liquid éffects are important during the first few seconds of growth. and

for longer times at lower pressures, but are not relevant for most of the

aerosol growth we have observed. Instead, we have concentrated on learning

the aspects of solid aerosol growth that can be explained with fractal

descriptors. (We use some of the growth theory described in (1} to explain

the problems of forming aerosol at low pressures.)

Fractals are self-similar geometrical figures that are scale
invariant: they have the same appearance no matter what the scale of
viewing is. Mathematical fractals, generated by some reproduction
algorithm, have an infinite range of scale invariance; natural fractals,
generated by some small-scale random process. have only a limited range of
scale invariance and are only statistically self-similar.

These differences between mathematical and natural fractals seem to
hinder acceptance of fractals in some parts of the scientific community.
;nd most of the fractal applications have been either very theoretical. or
very practical (as in the generation of video scenery or effects.) Our
point of view is that fractals are useful as quantifiers for particle
oroperties that are difficult to describe in other ways.

Natural fractal objects should be characterized bv the range over
whSCh a specific fractal behavior holds, and by a fractal dimension. The
fractal dimension is a non-integer dimension used to describe the space
filling properties ot the object. The range of lengths for which a tractal
dimension is constant should be sensitive to the conditions under which the

particles are formed. particularly with the gas pressure and mean free
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path, and indeed. we have found clear changes with gas pressure. There are
various ways to define the fractal dimension, depending upon the type of
property being measured.

In our u;e of fractals, we started with a tiling method, described in
[1]. but had difficulty interpreting the results. A tile could be counted
as occupied either if a large fraction of it contained image pixels, or a
very small fraction. The resulting fractal dimensions were quite
different, depending on the occupancy rule. Tiling may pfove useful in the
future as an economical way to obtain mass and perimeter information at the

same time. but for now it has been set aside.
2.1 Perimeter Method

The next method tested was the perimeter method (also called the
equipaced circumscribing polygon method or external hull method). In this
method, the perimeter of an object is estimated by counting the number of
steps of a given size required to circumscribe the object, and plotting it
against the step size on a log-log plot. The fractal dimension of the
perimeter is 1-im:. where m is the slope of the piot. assuming that there
is a sufficiently long linear region to say the object is indeed fractal in
nature. An equation for expressing the perimeter as a function of the step

size is:

P(r) . ri70 (2-1)

where D is the fractal dimension., between 1 and 2 in 2 dimensions.
The three dimensional analog would have a D between 2 and 3.

The perimeter fractal does not take into account an object with
interior perimeters. such as we see frequently in our micrographs.

Furthermore. the perimeter fractal is not easilv suited to computer
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analysis, which we wanted to implement. On the other hand, the perimeter B i

fractal does seem to be useful in picking out changes of shape between the

R W R g6
ha N
s
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primary spheres making up an object and the general shape of the object ':Qﬂ-;

. ]
itself. At small scales., the perimeter approaches the geometric perimeter SA‘ :
of the circles making up the particle image, and the fractal dimension is -':.‘5:.‘:'

& close to 1. At larger scales, the perimeter bridges gaps around the té%g;i
.Y
3 particle, and the structure changes more rapidly with scale. giving a gs;;;:T
. LA RN

N larger fractal dimension. We have observed some particles (see Figure 1) ;;Léﬁ
< which were much longer along one axis than the other. and these particles E:g;%gé
; show a return to a fractal dimension of 1 at scales between the length of ;;32;:
) N
gt the minor axis and the length of the-major axis. Thus. in that range the i:i’i’
particle behaves as if it were a one-dimensional structure. ’;2:;:_

\:IE
Y s

Ay
ﬁ 2.2 Dilation Method ;_.';;:’_-:.j
Sy
e A commonly used alternative definition of the fractal dimension is NN N
. X
e h
Kb based upon the distribution of mass around the center of mass of the Qﬁ: 3
'\.J:vt.j& "
! object. 1If the object is fractal. the mass is given by: i
AN
v IS,
2 Mir) . oo, (2-2) IR
) Lt
L‘.‘ “a (a"
PN
o where D is the fractal dimension. and is less than the spatial dimension. W
Al :‘_\f :::\
5 We call this a mass fractal. and the method used to calculate it is the ;j,;ig
.‘: "-.::\:
C: dilation method. because a series of boxes is expanded around the center of ?:g?:,
fg‘, LAY
mass to determine the mass within each hox. |
w . . ‘-:- \‘.\
RH In this case., r represents a "radius” of gvration around the center of -.\:$$~
:-ﬂ:d‘::t' )
S mass. This fractal dimension definition is auite intuitive in its :;t:::
t:\ 2o
application, because it corresponds closely with the fraction of area ?f

D ob-cured bv a narticle. A sparsely distributed varticle tends to have a SRS

low fractal! dimension. closer to 1 than 2. and a densely distributed
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particle has a high fractal dimension, approaching 2. '\Tx‘.:
This is illustrated in Figures 2 and 3. showing particles grown at 1.0 Rt
and 0.1 atmospheres. At small scales around the center of mass, the A

particles are clearly chain-like, and the fractal dimensions 1.27 and 1.24 phabahy!

2
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reflect this characteristic. Both particles show evidence of growth at the

..N?!

ends of the chains, but the fractal dimension of the growth is considerably

27
v

2
.

;»
¢

e |
. l'
Y
554?“

v
e

different for the two particles. The difference is great enough to
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identify different mechanisms for the growth process. as will be described
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in section 2.4.
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It is accepted practice to use square boxes in the method. but we

think that for comparison with other analysis methods. the expansions l’ 4
SNy
. . ST
g' should be with circles. The difference between using boxes and circles is ::?;?ﬁ:
LY s
'’ S
that the box method confuses the scale, r by a factor of 1.4, blending some Eﬁfﬁ@
T \ \"‘-. q
D TR
ﬁ parts of the image that are farther from the center than others. )
AN,
LAY
5 The expansion around the center of mass means that all the small scale }{h&q:
- NAA
-.‘ -.~ .
gﬁ information is obtained from the region near the center of mass. This Y "
OGN
neglects small scale information in other parts of the particle, uniess E
N ASA SIS
h BLSA NN
auxiliary expansions are performed over all the particle. WGt
DA SA NS
i:': -.i\:.\:\

At large scales. approaching the boundaries of the particle, the
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- dilation method approaches a constant mass. the total mass of the particle, -
o, o
v, . . o LAY
i and the fractal dimension no longer has meaning. This boundary-limited el
T e . :ﬁ. . ' ‘:"f'.~
ES behavior occurs at smaller scales when expansions are performed around Qg{%ﬁv
_ AN
centers other than the center of mass. Boundary effects on the mass -i
e "\*‘ "\
) ."\"\".\.
:¥ fractal must be anticipated in the analysis. and the boundarv-limjted E:\*\$\
. LA SRS
L
. s . Sy wl e\
regions must not be given a fractal interpretation. The boundary regions s.:;t;-.ix
E\ ‘U.gg?'-"
were not shown in Figures 2 and 3. Both particles are about 2 micrometers T
C e N
LAY
ARSI
5: long. and the fractal analvsis was carried out for box lengths of up tu ey
v ::::$:¢
about 1.3 micrometers. Above that size. the boundary effects hecame ﬁ:&;t#
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obvious as a flattening of the curve.
2.3 Correlation Method

A method which makes use of all the information in the image is a
correlation analysis. The correlation function is a relation describing
the relative frequency of finding two parts of the image at a given
distance from one another. For fractal objects. the correlation function

is related to the fractal dimension by:

cir) . o279, (2-3)

where D is the fractal dimension and d is the spatial dimension. Since the
fractal dimension is less than the spatial dimension, the correlation
function decreases with r.

Programs were written to calculate.the correlation function directly,
involving scanning the image, multiplying pixel values. and summing at
various values for r. The process is manageable for small images and small
values of r, but the time consumed in the calculation grows quickly for
larger images. The correlation analysis is best performed with FFT
methods. and we have obtained a commercial software package with the power
to analyse the micrograph images. The software to interface with the FFT
has not yet been written. The correlation method does give a very complete
nicture of the fractal characteristics of the particles at small scales and
so far seems to agree well with the dilation method at intermediate scaies.
This analysis method should improve our ability to extract information from
the micrographs more quickly and give a clearer interpretation of tpe
results.

Both the mass and correlation fractals have a similar behavior for a

given particle and range of scales. The correlation function itself

R R e b A R S R A R s

ALY

NP

]
'1 . :""
“ .

.
"i
v

A
s
[J

LY

o

t":‘l' "

2 -}4‘
f‘:’ [,
7

o 8
.

2 "‘

_ l'
s
270

L

P
k 1y

4
- & .'t' L "

-

RN
5

<
I [/
Y

h



decreases with r, but if it is multiplied by p2, then the result is very ?E;ﬁs
LINGY )

similar to the mass fractal:

e X R
X

)
E )
- L)
r?ec(r) . 2799 - D, (2-4) o
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because d=2 for the images. In this way, it is feasible to use the .:%”

dilation method to obtain the fractal characteristics at large scales,
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where it is a fairly efficient technique, and the correlation method at
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small scales, where it is effective.
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. There seems to be a fundamental difference between these two measures :
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of fractal dimension and the perimeter method, but it has not been SN uj#’
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discussed in the literature. For instance, with a circle or disk, the g‘t ]
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perimeter fractal dimension changes continuously with step size and I Yt

555
.l

LA AL
-:'I
.

approaches the limit 1.0, because the perimeter of the circle is one- < *ﬁ:uf
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dimensional. On the other hand, the mass definition of fractal dimension

gives a constant value of 2 for any scale up to the circle radius, because

R
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the disk is indeed two-dimensional. 'S
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Figures 4 - 7 show some comparisons of the perimeter, dilation. and

3
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correlation methods for four different particles. The dilation curves were pg
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divided by the square of the box length to produce curves analogous to
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those obtained directly from the correlation and perimeter methods. It can

AL

be seen that the dilation and correlation methods give comparable results ") ?}f (
e

(4
7
2

in the ranges for which there is overlap. The comparison would improve if e

X

the scale for the dilation were divided by two to adjust the box side to an

” equivalent "radius”. We think the comvarison would improve further if a
o dilation of circles were used.
-
e
t‘ The perimeter method shows fair agreement of fractal dimension for
;} some particles over some of the ranges. Because the perimeter fractal is ,Q,;;AQ
o NG,
r\, rx". ". -
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gg expected to look the same, and only the dimensions should be compared.
ii However. the perimeter does not always show changes of character. even when
the other two do. The two types of measures are in better agreement on
ga particles that do not have interior structures or loops, an indication that
the properties being described in the fractal dimension are really quite -
:S;-
g different. e
ISR
X This difference in interpretation of these two fractal measures caused ARSI
] NSNS
\;f‘-'.t-'f
some difficulty when we attempted to test our mass fractal analysis program y v
~ AT
w . . . . Lt
\i with geometrical objects that had been generated as perimeter fractals: the 3\f\$x
) ':'“.-".v-‘
BARESAS:
. dimensions simply did not match up. For Fuclidean objects like a disk. the RSy
;:' :a::.-:f‘
e two dimensions add to 3. For many of our particles, the perimeter fractal P d
NEA A
‘U N : . N : ’-.'. -'-i-".
Eﬁ dimension and the mass fractal dimension are both about 1.5. also adding to f:::$4$
Y re
o8 R
3 over comparable scales. The relation also holds, but not perfectly, in iﬂﬁ' ot
» PO,
other particles with higher values of mass fractal dimension. )
. V., Y
.-',.‘ - :\:v'_‘-
(- We are continuing to think about this relation, because it seems clear §\;\j:.
. RSN
I « \:_\‘.\
- that there are some properties better described with the perimeter fractal ¢:¢:}f
- - LY
LA
!! (such as aerodynamic drag) and others better described with the mass ] B
TS
.':\':\J'-.
fractal (such as weight or obscuring cross-section.) A simple relation Q\}tﬁﬂ
P S
D! oSO
f§ connecting them would be very useful. m&,:;}
' RERPO:
i .
EE 2.4 Physical Interpretations of Fractal Dimensions
N
}: Most of the theoretical descriptions of fractal growth have invoived
A
-y
computer simulations of particle collistions under various operating w3
o
J; hypotheses. For instance. particles can be assumed to randomly "walk” AT,
IR
EACACA
- toward one another, to have degrees of sticking upon col!lision. Clusters ;f::{{{
lt‘ .‘:'_'-’t.:,‘-

of particles can be allowed to varticipate in the random waik. These
hypotheses have been found to "wrow" clusters of particles with fractal

character over a considerable range of sirzes. and the fractal dimension
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depends on the particular process involved.

In particular, using the mass fractal definition, particles which
collide with already existing clusters by Brownian diffusion exhibit a
fractal dimension of 1.67 (5/3 theoretically). In higher dimensions, this

is extended to:
D = 5/6d {2-3)

where d is the spatial dimension from 2 to 6 (3,4].

The Brownian collision of clusters with clusters generally leads to a
fractal dimension of 1.45 (for d=2) or 1.75 (for d=3) under a wide variety
of assumptions, but there does not seem to be an exact value.

Finally, if particle-cluster collisions occur ballistically {straight
line trajectories), the fractal dimension is about 1.95, with a theoretical
limit pf 2 for infinitely small particles. The difference between 1.95 and
2 occurs because of the voids between tightly-packed particles.

When dealing with images of particles (strictly two-dimensional), the
question arises of how to relate the results to real three-dimensional
particles. One answer is that ftor sparse particles, in which there is
relatively little screening of parts of the image by other parts. the
fractal dimension should be increased by 1 in going from 2 to 3 dimensions.
Another answer is that the fractal dimension of the particle must obey a

relation derived from causality {5]:

D. 2d-1-D.. (2-6)

where DO is the particle fractal dimension and D, is the fractal dimension

of the trajectory of an incoming particle. [f the trajectory is Brownian.

then D1 is edual to the soace dimension. If it is ballistic. the D1 is 1.

Therefore. the particle fractal dimension must fall between the rather
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3.0 EXPERIMENTAL RESULTS

At the end of the first year, we were able to discern several
experimental regions of particle growth. By keeping all experimental
conditions constant, except for the gas pressure, different modes were
observed and could be described qualitatively. Now, we are able to assign

quantitative values to the different modes of growth.

In general. our observations are in line with what could be expected
from the fractal growth models. When the growing particles were roughly
the same size., the growth was similar to cluster-cluster aggregation. As
the clusters became large enough to diffuse more slowly, then particle-
cluster aggregation was observed. We also have observed ballistic

aggregation at two different time and size scales.

3.1 Measured Fractal Dimensions

The exploding wire generator (EWG) produces nearly uniformly sized

solid aerosol particles. They are about 0.04 to 0.05 micrometers in

diameter. and are similar to particles produced in other EWG devices.

“ "

N
Given the power level associated with the formation of these particles. it e

clS
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is likely that we could produce primary particles of about 0.1 micrometers AR

0
e 3
.
[
o

3
]
1

diameter. but that it would be difficult to produce smaller primaries [6]. §EE;¢~1
The critical parameter is the energy per mass of wire exploded. with higher
values producing smaller sizes.

At 1.0 and 0.1 atmospheres, the jinitial growth of the solid aerosol
showed fractal dimensions consistent with cluster-cluster growth for
dimensions up to about 0.3 micrometers. We interpret this to mean that the,
primary particles form small clusters of about 0.05 to 0.1 micrometers
which diffuse rapidiy toward one another. From this scale to about 0.3

micrometers, the clusters are all similarly sized. and have roughly equal
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diffusivities. As the clusters grow to larger sizes, they become

relatively immobile. but there are still large numbers of 0.05-0.1
micrometer clusters available for continued growth. These smaller clusters
can penetrate the structure of the larger clusters much like primary
particles and lead to a denser particle form, having a fractal dimension of
1.6 - 1.7 (characteristic of particle-cluster aggregation).

At 0.01 atmosphere, the dilation fractal dimensions at small scales,
<0.2-0.5 micrometer, are in the range 1.4-1.7. suggesting that particle-
cluster and cluster-cluster aggregation are operative. However, the
structure of the particles is noticeably more dense. We think that at this
pressure, we see the beginning of ballistic aggregation., heading toward a
fractal dimension of 1.9+. The correlation analysis shows fractal
dimensions in the range 1.85 to 1.89 for scales near the primary particle
size. 0.05 micrometers. At larger scales, the fractal dimension decreases
toward the cluster-cluster value as the initially-formed clusters begin to
collide.

These differences between the dilation method and the correlation
method are important. They indicate that information from the whole
particle is needed to infer the operative mechanisms. Even then, some
physical interpretation of conditions is needed to sort out the competing
effects. If the center of mass ot a particle does not contain parts of the
particle nearby, then the small scale fractal dimension will be distorted
by the lack of mass. Conversely, if the center of mass lies in an
unusually solid part of the particle, the mass fractal dimension will
overemphasize the solidity at small scales. .

We have observed ballistic aggregation in the upper size range. but
have not vet completed the measurements. This aggregation occurred at 0.1

atmospheres when the particles grew to sizes of 15 to 20 micrometers. The
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largest of the clusters apparently achieved a significant settling velocity

and swept through the cloud of smaller particles. The resulting clusters
are roughly spherical and appear quite dense in the micrographs. We expect

that the mass fractal would be about 1.9 by simple inspection.

This last case of ballistic aggregation may not be of direct interest
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to the program, but does illustrate that a change of fractal dimension

’v":
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(from about 1.67 to 1.9) can indicate a major change in the process of

growth. We hope it can show the size at which the change takes place.
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Although the fractal analysis is proving fruitful, there are still
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some unexplained properties. One of the major ones is that the particles

are showing a moderate change in fractal dimension with time, even while
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éﬁ the general observations of particle-cluster or cluster-cluster aggregation 5?552
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hold true. This may be due to an initial formation of linear clusters.
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which then combine relatively linearly. Some of the micrographs reflect CPSERZ
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@: this. A process of this sort would lead to an initially low fractal t{:}:#
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! Such a process could arise from electric charges on the particles. NI
N Y

A )

1% The charges tend to concentrate at the ends of chains and provide '}\f?j
" XS
i\j e o
additional attractive forces for other particles or chains. Figures 2 and i?\ft-

i;’ 3 show possible charge effects at small scales. It seems unlikely that 0,05
G

chains would grow in such a nearly linear fashion without some force :*hﬂx

R
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directing approaching particles to the ends. Computer models of charged

)
F |

particles do produce long chain aggregates. As the clusters grow, the

charges could be spread over larger areas and lose their influence. or, if

S f a’@“ﬁ

hipolar charges are involved, the charges would neutralize one another. oy

This will remain an area for further investigation.
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5 Another troublesome area is that the fractal! dimensions by correlation At

im and dilation do no agree as closely as we think thev should, especially as Wl Lt
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given by Equation 2-4. Part of the problem is associated with the dilation
method's use of square boxes, rather than circles, and we intend to refine
that calculation in the near future.

The last problem is that, although we see general trends in the growth

mechanisms as functions of pressure, we are as yet unable to see a clear
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change in the particle's structure as a function of the gas mean free path. »:§: I
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We hope that the scales at which the structure changes from one type of

aggregation to another would show a dependence on mean frec path. So far
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the relationship has not been clear.

3.2 Low Pressure Problems
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At the next lower decade in pressure, 0.001 atmosphere, we repeatedly
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failed to generate and observe any particles at all. This led us to
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perform a series of experiments at intermediate pressures to determine the
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level at which particle generation did resume. For the quantity of wire we Qﬁﬁ};
AT
LY
use, that occurred at 0.002 atmosphere. We have addressed this problem on g;bjﬁ

:
«."j A

o theoretical grounds, looking in more detail at the exploding wire process.

s‘\js "
" The details of the explosion follow the steps listed below [7]. bﬁag:
5: :3::‘u
»ad!
e 1. The flow of current heats the wire to its melting point. Inertia i,‘_f
e and magnetic fields contain the molten wire and allow current to RS
-~ continue flowing. RN
RS
ﬁ} 2. The wire is heated well above is vavborization point. It is f?l{t
Eﬁ superheated, because the time scale is too short for equilibrium ;?i‘1£

boiling. In a reduced gas pressure, it may not heat to the same 2
e temperature as in a high pressure atmosphere. ‘3:3:3
t; :3‘5\4
» AN
3. Vapor pockets form in the liquid. but heating continues as long as ~¢\k$

there is a continuous path in the liquid.

%

.. 4. Vaporization disrupts the current.flow. The remaining liquid

.
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filaments coalesce into spherical droplets. E\Q}:

% e
b, 5. Thermionic emission causes the droplets to emit electrons and *ci?{
become positively charged. Because the vapor density is high, :xixﬁ

r} electron multiplication is suppressed. PAT A
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6. The vapor expands rapidly. The liquid droplets are carried into
regions of decreasing vapor concentration. In the decreasing vapor,
electron multiplication takes place, and the arc may re-strike.

R

We have observed empirically the charging that results from materials

with different melting/boiling points. These differences were used to

obtain an aerosol with essentially no charge, and could be used further.
@; It also appears that the restrike phenomenon would be a good indicator of

the presence of liberated electrons, and we will pay attention to measuring
gg this in the future.

This analysis of the wire breakup has been supported by high-speed X-
gi ray photographs of wires. The mechanisms leading to breakup may not be
unique, but it is clear that some liquid droplets remainvfrom the original
wire. It is not totally vaporized by the electrical current.
ﬁi Now, the superheated liquid droplets expand into the sample chamber

f~ where competing processes take place. First. there is cooling by the

h¢ ambient gas. There is potential continued evaporation of the material from
!. the droplets, and there is potential condensation of metallic vapor onto

o

) the droplets.

o
&j The minimum radius which can support continuous growth is given by the

Kelvin equation:

r. = 2Ms/RTd1nS, (3-1)

= particle radius

= molecular weight of metal

= surface tension of metal {850 dvne/cm)
= gas constant

= temperature of metal

= density of metal

= saturation ratio {1].
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Rl If the radius is less than this critical value, the droplet will ultimately 5’:“'_‘«:\:
L YA
ﬂ evaporate. If the radius is larger, it will grow. The problem in applying
this relation is the great uncertainty about the experimental situation.
&1‘ Under the steps leading to formation given above, the temperature of
the liquid drop must be at least equal to the normal hoiling point of
@ silver, 2483 K. 1If the superheating is substantial, the temperature might
g be as high as 2600 K. It is also not clear that the ambient pressure could
’ affect this temperature strongly. The saturation ratio is definitely an
g equilibrium concept: the ratio of ambient partial pressure to the vapor
- pressure at the surface of the particle.
’l
Calculations of the critical radius over a range of temperatures
Ej corresponding to boiling at 0.001 atm up to 7 atm (1560-5040 K) produce a
Cl
very narrow range of critical sizes. For S = 1.01, the critical radius
P'
h decreases from 0.18 micrometer to 0.05 micrometer. For S = 1.02, the range
: is 0.09 to 0.03 micrometer, and for S = 1.05, the range is 0.04 to 0.01.
E* These results are right in the range of primary particles encountered. Any
Juh
particles formed with smaller radii than these will evaporate. Any larger ’;!_w ;
- R
ones will grow. SO
g :.-'.':‘_.'_:
'g, These calculations strongly suggest that the failure to produce :’;:i‘.:{'
NN,
- aerosol particles is due to evaporation of the liquid droplets. The cause B
. LN
£, . -, v,
Y of the evaporation may be due to higher temperatures and a slower rate of I..-::_'
LS
FAL LA N
P cooling at the reduced pressures, or to a change in the saturation ratio. v'\-::-::-'
§ el
The saturation ratio might have to be interpreted in a dynamic sense. as -
RN
the vapor and particle cloud expands. i,\::*:\f.
'\f\'\.' ]
R AT
. We are interested in refining our understanding of this process. 1;‘1:225
y - . '.’:*,{ It
b because it may indicate that a change of materials would change the lowest L \;.i'
* Y \;
. S ,
.:.- pressure for aerosol formation substantially. However, we do not think ; N
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that changes would lower the critical pressure by much more than one ;4'\
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) decade, and are making plans to pursue other avenues for particle C""s‘.
‘ generation at lower pressures. Once the particles are generated, the ' w
: Toad;
growth should not be so drastically affected by pressure. :ﬂ;:;
’ a5\
g& Also at the lower pressures, particle settling becomes a major factor ﬁ"
: Y,
in the time available for sampling. Accordingly. we have included a BN
P
g. settling sampler on the bottom of the chamber. It consists of sampling 3&'.:
S -
N

stubs covered by a shield plate with a window. The window is closed during b W

o
r
7

the initial explosion and then may be positioned over any stub for variable

)

@ periods of time. This sampler has been tested and appears to work well. :%:J'I
Co 4 >

It will be invaluable at lower pressures, and a useful adjunct at the ::}""

higher pressures. [
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4.0 SUMMARY AND FORECAST

The next approach we will take in lowering the pressure for generating
particles will be to fill the chamber with seed nuclei prior to the
explosion. This will alleviate the problem of forming a critical nucleus
and will allow the growth by condensation to commence immediately. Seed
nuclei can be formed by heating a metallic wire to a temperature that is a
major fraction of its melting point. We would not have the same pressure
problem with the seed generator as with the main explosion, because the
seeds are generated at atmospheric pressure. The chamber is filled with
nuclei before pumping it to the explosion pressure. In this way we can
control the generation of nuclei to any degree desired.

With seed nuclei, even if the liquid droplets from the wire evaporate,
the vapor can condense on the seeds. The number of nuclei will be much
smaller than the number formed in an explosion, so the resulting particles
should be larger. This assumes that all of the vapor condenses onto them.

Another approach which we will pursue is the use of different wire
materials for the explosions material. We are particularly interested in
lower melting point materials, because they will disrupt at lower
temepratures and pressures than the silver and should not disperse at quite
the same rate. We will particularly explore materials which have a smaller
critical radius, because they will not be so likely to evaporate. This
work should allow us to state general guidelines for the generation of
aerosols at reduced pressures, but we may not find materials which will
allow direct formation at low pressures.

It is possible that a slight confinement of the explosion. as in a
small diameter tube, would allow a substantial reduction in gas pressure.
This approach would result in a locally high pressure for a short time and

may be an alternate approach to using the seed nuclei.
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Covaporization of a metal and another material is part of the
projected work in the last vear's effort. The reason for doing this is

that many aerosol generating schemes always involve binary components,

== R o=

either deliberately or through contamination. In terms of the

survivability initiative. it would be particularly interesting to observe

“

the growth of metallic aerosol in conjunction with carbon particles. We

think that the shock from the exploding wire would have enough energy to

vaporize or shatter a carbon foil wrapped around the wire. This would

produce a mixed aerosol environment in which the growth of the metallic

aerosol should be substantially modified by the carbon aerosol. The inter-

)

particle forces would be much different: the diffusion rates would be much

AR

different; and the primary particle sizes would likely be different.

The fractal analysis methods have been adequate so far, but still need

A

a few refinements. The dilation analysis will be brought closer to the

correlation analysis by going to a circle expansion, rather than a box

A

expansion. and both methods will be used in analysing new particles. The

!! relations between two-dimensional analyses and three-dimensional fractal

E: dimensions will be further clarified. and the implications examined for

¥ real particles.

E; We have proposed the study of electric fields on the growth of the
aerosols. Metallic aerosols are particularly susceptible to electric field

gE effects, because even electrically neutral particles can experience strong

33 dipole polarization and torques in an electric field. The concentration

of electric tield at the extremities of a conducting particle leads us to

think that the random agglomeration patterns will become much more linear.

What is not known is the degree of alignment as a function of tield

L)

strength. There should be a smooth transition from non-aiigned particles

to aligned ones as the field streneth is increased. and this transition
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should show up both in the length of the aerosol particles and in their
fractal dimensions. This is one case is which there should be a clear
application of the perimeter fractal, because the ultimate form of a chain

is a line of dimension 1.
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